In this review, the possibility of using pulsed, nanosecond laser heating of nanoparticles (NPs) is demonstrated, in order to investigate their thermo-physical properties. This approach is possible because the laser heating produces high NP temperatures that facilitate the observation of their thermal radiation (incandescence). This incandescence depends on the thermo-physical properties of the NPs, such as heat capacity, density, particle size, volume fraction and the refractive index of the particle material, as well as on the heat-mass transfer between the NPs and the surrounding gas media. Thus, the incandescence signal carries information about these properties, which can be extracted by signal analyses. This pulsed laser heating approach is referred to as laserinduced incandescence. Here, we apply this approach to investigate the properties of carbon, metal and carbonencapsulated Fe NPs. In this review, the recent results of the measurements of the NP refractive index function, thermal energy accommodation coefficient of the NP surface with bath gas molecules and the NP evaporation temperature obtained using laser-induced incandescence are presented and discussed.
Introduction
The application of nanoparticles (NPs) in many fields of science and technology is driving an increase in studies addressing the properties of such NPs. Knowledge of the thermo-physical properties of NPs is important for their synthesis and applications. However, the small size of the NPs complicates the measurement of their properties. To address this, novel NP-focused methods are required.
Laser-induced incandescence (LII) is a promising technique in the field of NP diagnostics [1] . Pulsed laser irradiation allows the NPs to be heated to high temperatures (typically higher than 2000 K), at which incandescence becomes detectable. However, not all types of NPs can be investigated by LII. Only the refractory NPs, which absorb pulsed laser irradiation, can be studied. The incandescence depends on the thermo-physical properties of the NPs, such as heat capacity, density, particle size, volume fraction and the refractive index of the particle material, as well as on the heat-mass transfer between the NPs and the surrounding gas media.
Usually, for heating of NPs the nanosecond (ns) lasers are applied. The reason for the ns heating of NPs is the much shorter time scale of laser action and the conduction heat transfer of the laser-heated NPs with surrounding gas media in comparison with a time scale of NP formation (hundreds of microseconds). Accordingly, the ns laser pulse allows the diagnosis of NPs of various sizes during the process of their growth.
The common LII model used for particle size or volume fraction evaluation considers the current particle temperature T p during their heating and cooling, using a series of energy and mass balance equations given by Equations (1) and (2) 
where m p and c p are the mass and heat capacities of NPs, respectively; t is time; J evap is the mass loss rate from the particle surface during the evaporation process; abs q  is the laser energy per unit time absorbed by the NP; and evap rad ,  and cond q  are the energy loss rates from the NP during evaporation, thermal radiation and conductive heat transfer, respectively.
During the laser heating of the NPs, the heat capacity of its material is changing. Therefore, the temperature dependencies of the heat capacity for NPs should be used. The current particle mass in Equations (1), (2) is converted to the current particle diameter by using a value of particle density which is, a priory, unknown (bulk material density is usually used).
In the Rayleigh limit (d p = λ laser ), the light energy absorption on wavelength λ laser by a NP with a diameter d p can be written as [2] 
R g t g t g t t = ∫ (4)
In Equation (3), λ laser is the wavelength of the heat-up laser, and E(m) is the function of complex refractive index m = n - ik of the particle material given by 
Usually, the main energy loss during particle cooling proceeds in the free molecular conditions of the particle heat transfer with the surrounding gas at the atmospheric or sub-atmospheric pressures [3] expressed as 2 cond
In Equation (6) , T p is the current NP temperature, T g is the surrounding gas temperature, k B is the Boltzmann constant, α is the thermal energy accommodation coefficient of the gas molecules with the particle surface, μ g is the molar mass of the bath gas molecules, P is the gas pressure and γ is the gas heat capacities ratio.
The evaporation energy flux is defined as [4] 
where μ V is the molar mass of the evaporated species, dm p /dt is the rate of mass loss and ΔH°V is the enthalpy of evaporation of particle material. It is postulated that the evaporated species are in equilibrium with the particle surface, and the vapor temperature is equal to the particle temperature. Thus, the rate of mass loss can be defined as [4] 
where R is the universal gas constant. The vapor pressure p V above the particle surface is controlled by the ClapeyronClausius equation given by ref ref
where p ref and T ref are the pressure and temperature at the reference point on the evaporation curve, respectively. For the radiation heat loss from the particle surface in all spectral ranges, the Stephan-Boltzmann law is used 
where σ SB is the Stephan-Boltzmann constant, and ε is the integrated emissivity of NP material in the whole spectral range, which is usually assumed to be equal to 1. Typically, the irradiative cooling rate is significantly (one or more order of magnitude) smaller than the other cooling rates, such as the evaporation and conductive-cooling rate at atmospheric pressure [1] . This is the reason why, for arbitrary particles, the Stephan-Boltzmann Equation (10) for radiative heat flux is assumed to use integral emissivity equal to one (if this value a priory is unknown). For the soot particles, the irradiative cooling rate is described by more complicated expressions presented in [2] . The direct measurement of spectrally-resolved incandescence on two or more wavelengths results in particle temperature evolution (two-color pyrometry). This statement is correct if some suppositions are fulfilled. First, the NP emission/absorption must obey the Planck Law. Second, the assumption is that, the fluence distribution across the laser beam profile is uniform (tophat profile), and all the particles in the laser volume are heated to the same temperature. Third, the attenuation of the LII signal by NP absorption in the detection path is expected to be small. The optical pyrometer derives an effective particle temperature, which is close to the highest particle temperature in the laser-heated volume. The next point is the knowledge of refractive index function variation with wavelength, which shall be discussed below. Finally, the peak temperature of laser-heated NPs with known laser fluence can provide the refractive index function of the NP material. Additionally, with the rise in laser fluence, the peak temperature of the laserheated particles approaches their evaporation/sublimation temperature, which is important thermodynamics parameter.
In the common LII technique, the particle volume fraction or particle size distribution are determined, on the one hand, by analyzing the LII signals [5] using the suggested NP properties. The LII signal decrease rate is connected with the thermodynamic properties of the laser-heated NPs. Thus, the incandescence signals comprise the information about these properties, which can be extracted by the signal analysis. On the other hand, the analysis of LII signals could provide the separated NP properties (for example, thermal energy accommodation coefficient), if the particle size distribution and other properties are known. However, in the available LII literature, only a few attempts have been made to determine the NPs' thermo-physical properties using the analysis of LII signals.
In this review, we focus on the measurements of NP properties by the pulsed laser-heating method (known as the LII technique), including the refractive index function of the NP material, the thermal energy accommodation coefficient and the sublimation/evaporation NP temperature. The applicability of this method for future investigations is also analyzed.
The determination of the refractive index function of the NPs

The optical properties of the NPs
The optical properties of NPs are important characteristics of a material. The emission and absorption of light by NPs critically influence many fields of human industrial activity (e.g. hydrocarbon combustion technologies), the Earth's climate (by the presence of aerosol particles in the atmosphere) and, ultimately, our understanding of the structure of the universe, because interstellar space is full of nano-dispersed materials. The interaction of visible and near infrared light with NPs proceeds in the Rayleigh limit (Equation (3)), where the energy is absorbed by a whole NP volume. Practically all methods of NP monitoring (e.g. dynamic light scattering, laser light extinction and LII) are based on their optical properties, which are represented by the complex refractive index of the particle material.
The function E(m), which is based on the value of complex refractive index, is used in the LII models to account for the part of laser energy absorbed by particles. Thus, the reliable knowledge of the refractive index function of NPs is of great importance for optical diagnostics and others applications. The function E(m), based on the value of the complex refractive index, is used to account for the part of laser energy absorbed by particles and for determination of NP emissivity (Equation (12)). However, knowledge of these properties for arbitrary particles based on particle refractive indexes is quite scant. Nevertheless, massive amounts of optical property data are available for soot particles due to their importance in irradiative heat exchange in combustion and as an atmospheric pollutant [6, 7] .
The theoretical analysis of the optical properties of NPs is difficult because it exhibits structural inhomogeneities at all length scales. This is especially true of carbonaceous NPs, which are usually built from the atoms with various hybridizations [8] [9] [10] . The optical properties of metal-based NPs might vary with temperature, particularly at the points of second-order phase transitions and at the transitions from one allotropic modification to another [11] . With decreasing NP size, the quantum effects might occur related to the electron zone variation and to the occurrence of the separated electron levels, which should inevitably influence electrical conductivity and optical properties. Despite much progress in the calculation technique, such as the molecular dynamics method that can predict the optical properties of the nano-objects [12] , direct experimental measurements are, in our opinion, the highest priority. A comparison of the experimental and calculated data makes it possible to analyze the adequacy of the engaged models and to develop new calculation approaches. Moreover, the optical properties are influenced by NP aggregation, which is an a priori unknowable characteristic [13] . Thus, the experimental investigations of optical properties of nano-objects are preferable to theoretical calculations, and these could also be used to validate the existing models.
The methods of determining the optical properties of NPs
The experimental methods for the determination of NPs' optical properties have a long history, starting with the ex situ methods. In earlier studies, the optical constants of soot were calculated from the intensity of polarized light reflected from the surface. Among experimental data on optical properties of soot, the ex situ reflectometry measurements of Dalzell and Sarofim [14] and Felske et al. [15] provide the direct values of refractive indexes for combustion soot. However, these methods require special sample preparations. The above reflectance measurements, as well as ellipsometric intensity measurements [16] , utilize soot pellets produced by modification by 40,000 psi (275 Mpa = 2750 bar) material, which can change the soot's structure and properties. Changes in the measurements of scattering cross-section could be caused by changes in the morphology of the aggregate, such as an increase in the radius of gyration or a decrease in the fractal dimension.
The in situ determination of the refractive index of soot was carried out, for example, from the extinction measurements of Köylü and Faeth [17] in the visible and infrared ranges. Furthermore, the absorption and scattering measurements in the visible range were used for the soot refractive index evaluation by Wu et al. [18] and by Krishnan et al. [19] . The reflectance and transmission spectra can be obtained directly from the aerosol samples as a function of wavelength. The effective real and imaginary components of the refractive index of the material can be approximated, as a function of wavelength, from the measured spectra [20, 21] .
The variation of extinction measurements is the lineof-sight attenuation (LOSA), which is typically used for spatially resolved soot concentration diagnostics [22] . Concerning the subject of this review, the data on the extinction coefficient measurements obtained by LOSA for Cu and Si NPs are presented in [23] and compared with the electrical permittivity data calculated by Drude theory. Notably, the extinction coefficients were presented in the visible and near infrared range of the spectra, thus facilitating the determination of the E(m) ratio at different wavelengths in two-color or spectra-resolved temperature measurements of laser-heated NPs.
In the above-mentioned measurements, estimations of the scattering/absorption cross-section ratio require knowledge of the structure of the soot aggregates [24, 25] , which is a priori unknown. The large uncertainties of such measurements and the interpretation of the optical properties are also connected with the non-spherical morphology of soot, the variability of its fine structure and composition as it ages and the wide range of conditions under which measurements have been performed. Nevertheless, an advantage of the above methods is that the broadband measurements are made across a wide range of spectra using non-laser light sources.
The method of measuring the refractive index function by pulsed laser heating
The method for measuring optical properties, as discussed in this paper, concerns the refractive-index function E(m), which is critical for calculating the light absorption of NPs, NP emissivity and other optical coefficients. The method is an in situ method based on laser heating. A major advantage of laser heating (compared with extinction or scattering measurements) is that no knowledge of the aggregate structure or primary particle size is needed. The disadvantages include the need to use only laser wavelengths and the determination of the refractive index function without dividing it into real and imaginary parts. In the Rayleigh limit, when the NP size is much less than the laser wavelength, the energy absorption by the NP occurs volumetrically, without any temperature gradients inside the particles [1] and at a ns timescale. The maximal temperature attained at the pulsed laser heating of the NP is directly proportional to the E(m), as long as sublimation and other effects do not play a role. The twocolor pyrometry allows the maximal temperature to be calculated from the experimental traces of incandescence intensities at two different wavelengths in the visible spectral range, which is rationed using the Planck radiation formula [26] given by 
where h, c and k B are the Planck constant, speed of light in vacuum and Boltzmann constant, respectively; λ 1 and λ 2 are the registered radiation wavelengths; I 1 and I 2 are the maximum amplitudes of the registered LII signals; I TL1 , I TL2 and T TL are the radiation intensities and the brightness temperature of the calibration tungsten strip lamp defined by the manufactured pyrometer and tungsten spectral emissivity on the wavelengths λ 1 and λ 2 and ε(λ 1 ), respectively, and ε(λ 2 ) are the NP spectral emissivity at wavelengths λ 1 and λ 2 [2] computed as
Neglecting the heat losses by conductivity, evaporation and thermal radiation, the peak temperature of the laser-heated NP 0 p T could be obtained by the integration of Equation (1) [27] 0 0 laser 6 ( ) .
Here, ρ p and c p are the NP density and heat capacity, respectively; T g is the temperature of the surrounding gas; R 0 is the integrated laser fluence and λ laser is the laser wavelength. The final value of E(m) could be determined from expressions (11) and (13) by fitting the data of the two above-mentioned methods of the particle heat-up temperature determination. This method requires the refractive index function wavelength dependence, which is typically unknown for NPs and should be measured or assumed [see Equations (11) and (12)]. Thus, the E(m) wavelength dependence is the main uncertainty of the absolute value of E(m) measurements using pulsed laser heating.
Concerning the E(m) measurements of flame soot, the linear wavelength dependence in the visible and near infrared are typically assumed, following the experimental studies of Krishnan et al. [24] and Snelling et al. [28] . For example, the data of E(m) as a function of the wavelength presented by Krishnan et al. [24] resulted in E(m) 760 nm /E(m) 488 nm = 1.12, and the data of Chang and Charalampopoulos [29] led to the E(m) 760 nm /E(m) 488 nm = 0.84, which corresponds to the deviation of ±6% from measured peak particle temperature values. As gathered from the literature, the proposed E(m) dependences on wavelength for the soot particles are summarized in [30] . When shorter distances between diagnostics wavelengths are used for this measurement, the inaccuracy is reduced. Thus, the E(m) wavelength dependence of the arbitrary NPs should be carefully considered when using the pulsed laser-heating method. All available data should be considered. However, in the absence of such data for arbitrary particles, the variations of E(m) with wavelength can be neglected in the visible spectral range. For better accuracy, the use of proximal wavelengths for two-color measurements is recommended. Usually, the LII measurements are carried out in the visible range of the spectra. For the two-color LII, the common wavelengths for the temperature measurements are 450 and 800 nm. Using these wavelengths one can obtain the minimal error in temperature measurements using the Planck Law. However, using closer wavelengths, for example, 600 and 800 nm, the uncertainty of temperature measurements will not essentially increase due to the application of the Planck Law, but will decrease because of the smaller uncertainty in the wavelength dependence of E(m). [7, 24, 30, [34] [35] [36] at 1064 nm, depending on particle size and maturity.
The
Non-soot particles
Among non-soot NPs, attempts to measure E(m) by pulsed laser heating are presented only for Fe NPs [33] (Table 2) . However, the LII measurements of the size distribution [33] of NPs apart from Fe NPs have been carried out in recent years. The spectroscopic models of silicon and copper NPs [23, 37, 38] , as well as the spectroscopic models for Ag, Fe and Mo NPs have been presented [39] . These models are based on the calculations of the electrical permittivity of the molten bulk material in dependence on the wavelength performed using Drude theory. These calculations were supported by the ellipsometry measurements of the molten bulk material. The results of the extinction coefficient measurements obtained by LOSA for Cu and Si NPs in [23] are in good agreement with the data calculated by Drude theory. These data are not included in the Table 2 , because these are not obtained by pulse laser-heating method.
In [33] , Fe NPs were synthesized from supersaturated Fe vapor generated by the laser-pulse photolysis of Fe(CO) 5 at room temperature, similar to [40] . Time-resolved laserinduced incandescence measurements were carried out for Fe NP sizing using the LII model presented in [41] . Thus, in [33] , the values of E(m) at wavelength 1064 nm were found to be from ~0.1 for particles 1-3 nm in diameter up to ~0.2 for particles >12 nm in diameter. It should be noted that the value reported in [42] for the bulk Fe is E(m) 1064 = 0.1. When heating Fe NPs by a laser pulse, the temperature attained 2000-3000 K, and the particles entered the molten phase. In [43] , the authors presented data of E(m) for molten bulk Fe obtained by ellipsometry [44] [45] [46] measurements and through calculations using Drude theory [47] . According to these data, the values for E(m) as a function of wavelength decrease from 0.3 at 300 nm down to 0.07 at 1100 nm. Thus, at 1064 nm, these data are not correlated with the measurements in [33] , presumably due to the data presented in [43] being related to the bulk material and the data in [33] being representative of NPs. Later, the authors of [43] have reconsidered their calculations of molten Fe optical properties as a function of wavelength and have concluded that Drude's theory is not suitable for describing the optical properties of molten Fe [48] . In [39] , the authors supposed that the dielectric properties of bulk metals could be applied directly to the NPs because the NP diameter is much larger than the mean free electron path. Thus, the spectral absorption cross-section of metal NPs is identical to that of the bulk material. However, in fact, the real NP shape and aggregation is strongly affected by their dielectric properties and, therefore, also their optical properties. Therefore, the calculated values of spherical isolated metal NP optical properties may differ from the optical properties of real NPs.
The peculiarities, benefits and future directions of determining the optical properties of NP by pulsed laser heating
An action of laser irradiation on the particles could result in changing their properties. For the carbon NPs, a process of annealing under the pulsed laser heating has been proposed in [2] , wherein Vander Wal and co-authors have shown the soot particle transformation (graphitization and hollow shells ensue) under 1064 nm laser heating with fluence of 0.1 J/cm 2 [49] [50] [51] [52] . The particles might change their structure if annealing occurs. Michelsen et al. [30] used LII and extinction measurements to derive the scattering and absorption cross-section of soot in dependence on laser fluence. These authors found that the soot absorption cross-section increased with increasing fluence, until the point at which the particle starts to sublime and the scattering cross-sections begin to decrease with increasing fluence. The increase in absorption cross-section was attributed to changes in density with temperature or a change in the optical properties of the particle.
Recently, an effect of annealing processes on the optical properties of in-flame soot has been investigated in [53] . The optical measurements were performed with a two-pulse LII system, where soot was pre-heated with the first pump pulse, and the time-resolved LII signal after the consecutive probe pulse was analyzed. The annealing model developed in [53] appears to contradict the experimental outcome presented. This model assumed that soot begins to anneal at temperatures as low as flame temperature, whereas experiments showed that annealing starts above 4000 K. The model suggests that annealing leads to a reduction in the absorption and emissivity characteristics of soot, whereas experiments indicated a noticeable enhancement of such optical properties once soot was annealed. One possible explanation of laser action on the optical properties of soot has been presented in [54] . Using high-speed images, they found that, at high [33] fluence (>0.3 J/cm 2 ), a much larger region is affected than the directly heated volume. The temperature, soot volume fraction and the emissivity of soot particles are subjected to change in the neighboring regions due to the laser-heated volume. The energy transferred from the particles to the surroundings heat up the bath gas, and the equilibrium between the particles and the bath gas is established at a higher temperature than in the pre-laser state. The total energy transferred is proportional to the soot volume fraction. Therefore, the temperature gain of the bath gas is greater in the flame edge zone than in other areas. The elevated temperatures may change the emissivity of soot. This contributes to the uncertainty of the soot volume fraction and temperature measurements. The findings demonstrate that laser heating for LII measurements is invasive to the flame and soot and should be considered when analyzing LII data, particularly when coupling different measurements.
Additionally, during rapid heating, the particles could evaporate under high laser fluences. The ability of soot to evaporate under pulsed laser heating was first noted by Eckbreth in 1977 [55] . After that, some evidence of laser evaporation of soot were reported in the literature [56] [57] [58] [59] [60] [61] . Michelsen et al. reported about producing new particles by laser irradiation of soot at 532 and 1064 nm [60] . These new particles are produced at fluences above 0.12 J/cm 2 at 532 and 0.22 J/cm 2 at 1064 nm. Finally, at high laser fluences, the optical properties of the carbonaceous particles could be changed, due to their transformation during laser heating, which can influence the accuracy of E(m) determination of primary particles. The conclusion is that the laser-heating method of E(m) determination does not work at high laser fluences and should be carefully applied over 0.1 J/cm 2 with the evaporation control. For example, the recent data by Cenker and Roberts [53] showed that the sublimation of in-flame particle starts at a laser fluence of <0.1 J/cm 2 , which corresponds to a heat-up temperature of 3000 K. At a laser fluence of 0.33 J/cm 2 , the mass loss of the particle due to sublimation is measured as 55% of its initial mass.
From the results of the E(m) measurements by the abovementioned pulsed laser-heating method, one can conclude that these data are related only to wavelengths of 532 and 1064 nm and correlate with the measurements in flames by other in situ methods (light extinction, light scattering), and thus could be used in engineering calculations. The measured values vary depending on particle size, type of reactor (flame or shock tube) and, consequently, the surrounding conditions (temperature, pressure, gas composition), resulting in the formation of particles with different morphologies, structures and compositions. The benefit of the laser-heating method of optical properties is that it does not require knowledge of particle size and the structure of aggregates, which are necessary for other in situ methods, such as extinction and scattering.
The optical properties of arbitrary particles are different from bulk properties. Moreover, the NPs synthesized from the same material, but having various sizes or structures can have different optical properties, which could be measured in situ by the pulsed laser-heating method. Future studies could focus on the optical properties measurements of the various laser wavelengths and the development of other laser-heating methods. This development could address the application of two excitation laser wavelengths in the experiments for the auto-correction of the wavelength dependence of E(m) for arbitrary particles, as was done in [62] . A past study [62] reported that the ratio of E(m) 1064 /E(m) 532 , which is 0.98-1.15, depends on the fuels in the flame, as well as the height above the burner.
3 The determination of the thermal accommodation coefficient of gas molecules with NP surface by pulsed laser heating
The free molecular heat exchange of NPs with surrounding gases and thermal energy accommodation coefficient determination
When the mean free molecular path of the gases is greater than or equal to the NP sizes, the heat conduction between NPs and the surrounding gases occurs in a free molecular regime [3] . Under these conditions, the thermal accommodation coefficient (α) is a key parameter of the particle cooling mechanism. The thermal accommodation coefficient describes the extent to which gas molecules exchange vibrational, rotational and translational energy with a particle surface. The value of α is defined as [63] ,
where T is the temperature of gas molecules after the energy exchange, and T s and T g are the temperatures of the surrounding medium and particle surface, respectively. From Equation (14) , it follows that, when gas molecules are fully equilibrated with the surface, α is equal to 1. Otherwise, when the gas molecules do not gain energy from the surface, the value of the thermal accommodation coefficient is equal to 0. The accommodation coefficient depends on the type of bath gas, gas temperature and surface temperature [64] [65] [66] .
It is straightforward to measure the thermal accommodation coefficient at the interaction of the bulk material with gases at low temperatures [66] . However, the measurements of the accommodation coefficients of the NPs are non-trivial due to the very small sizes of these objects. By using the pulsed laser heating and the analysis of the LII signal decay rates (connected with the conductive-cooling rate) for a known primary-particle size, one should be able to infer the thermal accommodation coefficient, assuming that it is independent of particle-surface temperature. This is true for accurate LII modeling and if there are no other complicating factors (e.g. the influence on decay rate, particle aggregate size [67] [68] [69] [70] [71] [72] [73] [74] , particle morphology [74, 75] , particle composition [76] [77] [78] [79] and oxidation and annealing [2] ).
The use of pulsed laser heating for determining the thermal energy accommodation coefficient is a convenient technique because it induces heat transfer with the surrounding gas and allows the subsequent cooling rate to be observed. The application of LII model for the interpretation of experimentally registered incandescence signals provides an opportunity to extract the thermal energy accommodation coefficient value by fitting the theoretical and experimental LII curves (if the particle size, density and heat capacity are assumed). A benefit of the measurements of thermal energy accommodation coefficient by LII is the uniform laser heating of the NPs, whereas the bath gas remains cold.
The results of the accommodation coefficient measurements of soot using LII
In an early work by Starke et al., the LII measurements of soot were performed in a shock tube reactor [80] . They found that the thermal accommodation coefficient (α) was equal to 1 at the interaction between the soot surface and argon molecules and that this fit the LII and transmission electron microscopy (TEM) results of particle sizing. However, the LII model used in this work was very simple and did not consider the possibility that properties could change with temperature, particle evaporation or real NP optical properties. Thus, the value of the thermal accommodation coefficient of the soot particles with argon reported in [80] could be a product of the authors' overestimation.
In the work of Snelling et al. [27] , an α value of 0.37 was obtained from experiments conducted within a co-flow laminar ethylene diffusion flame. Additionally, in [31] , the values of the thermal accommodation coefficient, which varied with soot temperature, were found to be in the range of 0.36-0.46. By fitting the normalized LII curves with the experimental curves until the best fit was attained, Krüger et al. [59] reported an α value of 0.38 for soot particles in a premixed laminar flame. The parameters of the particle size distribution were determined by scanning electron microscopy (SEM) measurements and by using the LII model. Kuhlmann et al. [68] , based on the heat transfer model of McCoy and Cha, experimentally found that a value of α = 0.25 may be adequately employed to describe the "average" heat transfer behavior of a variety of black carbon samples in air under conditions relevant for LII. Analyzing the experimental data, based on the independently determined aggregate sizes, they obtained an extrapolated value of α = 0.38-0.43 for the idealized case of an isolated primary particle. In a study by Eremin and co-authors [81] , from the comparison of LII and TEM data, the effective values of the thermal energy accommodation coefficient α in gas molecule collisions with a carbon NP surface were extracted by using the pulsed laser-heating method. These authors found that, for He atoms, the α value was equal to 0.1, whereas for other more heavy atoms and molecules (Ar, CO and C 3 O 2 ), the α values were much higher (0.44, 0.44 and 0.51, respectively).
In a work by Daun et al. [82] , the thermal accommodation coefficient was found from a regression of cooling decay time in LII measurements of laser-heated soot particles extracted from a flame into various gas atmospheres. The particle sizes and aggregation were measured by transmission electron microscopy. Their results indicates that the values of α were 0.05-0.5 and that these depended on experimental conditions, including whether monatomic or polyatomic bath gases were used. Values below 0.1 appear to be associated with measurements of polyatomic gases that tend to thermally decompose at temperatures above ~1000 K. Maffi and co-authors [78] extracted information about the thermal accommodation coefficient by considering the gas/particle initial temperature obtained with thermocouple measurements in flame and by determining the soot particle diameter in previous TEM and extinction/scattering measurements. A larger variation in the value of α was observed, ranging from 0.22 for young soot and 0.34 for mature soot. This is likely due to a significant change in the height, both of the physical and chemical properties of soot particles and of the gas molecules present.
Daun and co-authors [83, 84] compared the values of the thermal accommodation coefficients extracted using various experiments in graphite/gas systems with molecular dynamics calculations results, concluding that reasonable agreement has been obtained. In Figure 1 , the measured values of the thermal accommodation coefficients of carbon NPs as a function of the molecular weight of the bath gas are summarized and presented.
The results of the accommodation coefficient measurements of the non-soot particles using LII
Proposed measurement methods of the thermal accommodation coefficient of non-soot particles are scant. One of the earliest studies by Starke et al. [80] addressed the evaluation of LII signals from Fe NPs synthesized in the pyrolysis of Fe(CO) 5 with argon in a shock tube. The thermal accommodation coefficient value (α = 0.33) was estimated by the best fitting approach measured by TEM and calculated by LII Fe particle sizes. However, as in the case of soot particles, the results of the evaluation of thermal accommodation coefficient of Fe NPs in argon were overestimated. The next measurements were performed with carbonencapsulated Fe NPs synthesized by the photolysis of ferrocene [85, 86] . The particles were heated by a pulse excimer Ar-F laser at a wavelength of 193 nm. The timeresolved spectroscopy made it possible to follow the cooling of the particles, and the dominant cooling processes could be identified by comparing the measured cooling rates with theoretically suggested data.
In a study by Eremin and co-authors [87] , the measurements of the thermal accommodation coefficients of pure Fe NPs synthesized in the photolysis of Fe(CO) 5 at room temperature were performed by pulsed laser heating using the common LII wavelength of 1064 nm. By fitting the LII and TEM data, the values of the thermal accommodation coefficient of CO, argon and helium with Fe NPs were found to be 0.2, 0.1 and 0.01, respectively. The value for argon is close to that reported in [26] (α = 0.13). In [26] , the Fe NP laser heating was performed in a hot wall flow reactor filled with argon and nitrogen as carrier gases. The synthesized Fe NPs by the pyrolysis of Fe(CO) 5 were analyzed by TEM and LII. Based on the least square fit of the experimental LII decay curve and the calculated curve defined by the LII model, a thermal accommodation coefficient value was determined as α = 0.13 for both N 2 and Ar.
In [43] , a comparative analysis of the Fe NP sizes and thermal accommodation coefficients inferred from the LII data returned α values of 0.04 (Fe/He), 0.14 (Fe/Ne), 0.19 (Fe/Ar), 0.08 (Fe/N 2 ), 0.09 (Fe/CO), 0.11 (Fe/N 2 O) and 0.13 (Fe/CO 2 ). The Fe NPs were synthesized in water and then aerosolized into various monatomic and polyatomic gases using a pneumatic atomizer. However, the NP sizes inferred from the ex situ (TEM and dynamic light scattering) techniques were inconclusive. Thus, the NP sizes were defined by LII together with α, which resulted in additional uncertainty. In a newer work by Sipkens et al. [39] , the same technique was applied. As in [43] , the thermal accommo- [27], (2) data by Krüger et al. [59] , (3) data by Kuhlmann et al. [68] , (4 and 5) data by Eremin et al. [81] , (6) data by Maffi et al. [78] , (7 and 8) data by Daun et al. [82] , (9) best fit of monoatomic gas data by dumped exponential curve.
by Daun et al. in [88] . In Figure 2 , the measured values of the thermal accommodation coefficients of metal nanoparticles as a function of the molecular weight of bath gas are summarized and presented.
The variation of the thermal energy accommodation coefficient in terms of dependence on the bath gas type
From the analysis of the data presented in Figures 1 and 2 , it can be concluded that the values of the thermal accommodation coefficient of NPs range from 0.01 to 0.5. These values depend on the molecular weight and type of bath gas. For example, the values for both carbon and metal NPs are typically less in the case of polyatomic gases in comparison to those of monoatomic gases. Note that in the case of carbonaceous NPs, most measurements were performed in flames, where the bath gas was a complex composition of products of hydrocarbon combustion in air. These data are presented as open symbols in Figure 1 and correspond to the polyatomic gases with a molecular weight of nitrogen, which is the main component of the flame gases. For the bath gases, a dumped exponential curve is typically detected with an increase in molecular weight. The measured values of the thermal accommodation coefficient do not exceed 0.5 for carbonaceous NPs and 0.25 for metal NPs. In the experiments, the temperature of laser energized NPs were nearly the same, and the temperature of bath gases was varied from room temperature up to a flame temperature of 1200-1600 K. The variation of the bath gas temperature and composition could account for the deviations seen in the data in Figure 1 , which were obtained under the flame conditions at a molecular weight equal to 28. Data obtained in the monoatomic gases show a dumped exponential trend for both carbonaceous and metallic NPs, whereas the data obtained in polyatomic gases demonstrate an individual behavior independent of the bath gas molecular weight. Thus, the dependence of the thermal accommodation coefficient on the molecular weight of polyatomic gases should be additionally investigated at the same gas temperature. Nevertheless, as an initial approach, if any reliable data are absent, the obtained experimental data on the thermal accommodation coefficients (except data by Starke et al. [80] ) could be used under different investigated conditions. Dozens of articles are devoted to the uncertainty analysis of size distribution measurements using LII, but the uncertainty analyses of thermal accommodation coefficient determination have been carried out in [39, 43, 82] . A past study [82] has reported on the determination of the accommodation coefficient of soot in various gases from LII measurements most sensitive to perturbations in particle density, heat capacity and particle size. Uncertainties in these parameters ±10%-20% result in 12%-24% uncertainty of accommodation coefficients; obtaining the summary of these parametric uncertainties results in about ±50% uncertainty in the α values, which is largely responsible for the wide range of LIImeasured thermal accommodation coefficients reported in the literature. In [39] , the evaluation of α uncertainty of 21%-44% has been presented for Fe and Ag NPs in Ar, N 2 and CO 2 , and for Mo NPs in He, Ne, Ar, N 2 and CO 2 . In [43] , the error of the experimental measurements of the thermal accommodation coefficient of Fe NPs in various gases has been evaluated as 14%. Thus, the accuracy of the thermal accommodation coefficient determination is comparable with the accuracy of the LII sizing of NPs and could be evaluated as 15%-40%. Determination in the thermal accommodation coefficient is most sensitive to perturbations in particle size. Thereby, for better accuracy of accommodation coefficient determination by LII, the independent method of particle sizing with minimal error is needed.
The aggregate shielding factor 0.75-0.92 (in dependence on aggregate size, up to 100 particles per aggregate) at the free molecular conductive heat transfer of soot NPs with surrounding gas has been evaluated in [84] , revealing a 3%-4% error in the accommodation coefficient determination using the LII model. [85, 86] , (2 and 6) data by Eremin et al. [87] , (3 and 7) data by Kock et al. [26] , (4 and 8) data by Sipkens et al. [43] , (5) data for Mo NPs by Sipkens et al. [39] , (9) best fit of monoatomic gas data by dumped exponential curve.
The further directions of the investigation of the thermal accommodation coefficients of NPs by pulsed laser heating include the study of the influence of gas and particle temperature on measurement results, variation of the particle and gas types as well as the development of alternative particle-sizing techniques.
4 The determination of the NP evaporation temperature
The evaporation conditions of the NPs under pulsed laser heating
The investigation of phase transitions in nanoscale materials is of great importance for modern condensed matter physics. One type of phase transition is the sublimation or evaporation of the NP material. Here, we focus on the sublimation/evaporation induced by pulsed laser heating. The interaction of condensed particles with pulsed laser radiation is a complex process that depends on many factors, among which the principal factors are the laser fluence and pulse duration. With long laser pulses and low fluence, the laser radiation slowly heats the solid up to an evaporation/sublimation threshold. If the peak power density is lower than 1 MW/cm 2 (0.01 J/cm 2 for 10 ns laser pulse), the energy distribution of the species leaving the surface is no different from that of the equilibrium case [89] . The sublimation and evaporation are zero-order processes (i.e. the rate of mass loss of a sample under the isothermal conditions due to evaporation should be a time constant value as long as its free surface area does not change). However, the isothermal conditions during laser heating are not fulfilled due to the very large temperature gradient between the surface and the cold surrounding gas. The equilibrium exists only within the Knudsen layer, with a thickness of the order of mean free path of vapor molecules [90] . This gradient causes the rapid expansion of the vapor phase away from a surface and does not allow the reverse vapor condensation, which otherwise occurs in the equilibrium conditions. This leads to the corrections of the equilibrium formula for vapor pressure, taking into account the efficiency of the reversal condensation process [91] .
At the sufficiently high laser intensity, the majority, if not all, of the materials removed from the solid will become ionized. The plasma effects start to dominate when the peak power density exceeds 1 GW/cm 2 [92] . Using the pico-and femtosecond lasers, the laser power increases at 3 and 6 orders of magnitude, respectively, opposite to the same pulse of the ns laser. A power of the ns laser of 1 MW/cm 2 becomes 1 GW/cm 2 and 1 TW/cm 2 using the pico-and femtosecond lasers at the same energy per pulse. Such a power laser interaction with NPs could even be a source of X-ray emission [93] . All the emission lines of the Mo atoms disappeared within 350 ns after the pulsed irradiation at 1064 nm. The photochemical interference of the laser light with the flame-generated soot was observed in [95] . At fluences below 0.2 J/cm 2 at 532 nm excitation, the measured spectra demonstrate the broadband featureless emission characteristics of laser-induced incandescence. In comparison, at higher fluences, the spectra show sharp features attributable to the C 2 Swan band emission, the C 3 Swings band emission and other species. At higher laser fluencies (up to 3.5 J/cm 2 ), the spectra become a series of features instead of the broadband emission. The feature emission in the UV that are visible from the electronically excited atoms and clusters can be a result of photochemical interferences of laser light with the NPs. The total elimination of the NP-phase matter by laser pulse due to the excited to plasma state occurs at laser fluences of 10-35 J/cm 2 , as also observed in [96, 97] for the TiO 2 NPs.
During the NP evaporation with pulse laser fluences higher than 0.3 J/cm 2 , the high translational energies and the narrower translational energy distributions of the vapor molecules, which are more characteristic for a supersonic expansion, could take place [2] . Moreover, the photodesorption and evaporation peculiarities of the annealed particles [2] can occur at high laser fluences. As a result of the higher-power pulsed laser radiation (over 100 MW/cm 2 or 1 J/cm 2 for 10 ns laser pulses) the ablation or phase explosion could be considered as important mass loss mechanisms [98] . Indeed, when analyzing LII measurements from silica NPs with mean size of 25 nm, the authors of a past study [99] proposed that, at fluences above 0.5 J/cm 2 , an inverse Bremsstrahlung heating due to the strong coupling of the laser and the plasma can significantly contribute to the measured signal intensity. Thus, for the investigation of the NP phase transition using LII, relatively low laser fluences (less than 0.5 J/cm 2 ) should be applied.
When the laser fluence increases, the particle temperature reaches a maximum due to the evaporation or sublimation of the particle material during pulsed laser heating. In the LII measurements, the peak temperature is saturated when the sublimation/evaporation is reached. This behavior was first observed in 1977 by Eckbreth [55] . The evidence of evaporation processes induced by laser heating provides the measurements of laser light extinction [56, 61] or laser light scattering [57, 58] . The plateau in the peak temperature with laser fluence rises and the gradual decrease of the volume fraction of condensed phase dependent on the laser fluence allow indicates that the phase transition has occurred. In this case, the peak temperature on the plateau could be attributed to the temperature of the phase transition. The reliable information on peak temperature could be obtained at low laser fluences (not essentially higher than evaporation/sublimation threshold).
Using Equation (11), the value of temperature (T max ) at peak-LII signals can be determined from the ratio of peak intensities of the LII signals on two wavelengths. The uncertainty of the temperature measurement of laserheated NPs by LII was investigated in [100] [101] [102] [103] [104] . This shall be discussed below.
The measurements of the peak temperature of laser-heated carbonaceous NPs
The existing experimental measurements of the peak particle temperature should be carefully revised in connection with the applied laser fluence. Most of the data deal with the soot particles. As was pointed out for flame soot particles, very small deviations in the LII spectra from the Planck curve are observed at laser fluences higher 0.3 J/cm 2 , and essential deviations are observed at 0.5-1.5 J/cm 2 [101] . Thus, at moderate laser fluences (0.1-0.5 J/cm 2 ) the LII signal is caused by the usual thermodynamic reasons, without considering the plasma formation or photoluminescence emission lines of bounds from evaporating atoms and molecules. The peak particle temperature data in the LII measurements are summarized in Table 3 .
The first measurements of the soot temperatures at peak irradiance (based on two-wavelength pyrometry) were reported by Eckbreth [55] , and temperatures between 4000 K and 5000 K were observed in that study. Notably, at fluences less than 0.5 J/cm 2 , the peak temperature does not exceed 4000 K, whereas the peak temperature exceeds 4000 K at laser fluences greater than 0.5 J/cm 2 , where the plasma effects are essential.
The measured peak temperatures of carbon NPs synthesized in the pyrolysis of C 2 H 2 presented in [61] , 3100-3800 K, are less than those of the graphite sublimation temperature of 3900 K [110] , and also below those obtained by LII measurements of soot, as reported in the literature. The values of T max reported in [30, 32, 105, 106, 108, 111] and measured in flames at laser fluences higher than 0.1 J/cm 2 are within a range of 3700-4400 K. However, in a diesel engine, the values of soot peak temperature measured by two-color techniques were found to be in the range of 2000-4000 K at the laser fluence of 0.25 J/cm 2 [107] . Such a large scattering of the experimental data can be explained by pulse-to-pulse fluctuation in laser energy and an unpredictable value of attenuation Eremin et al. [61] between the site, where the laser beam enters the diesel cylinder and the site, where the soot probe is located. In [105] , the temperature and heat of vaporization of soot (3930 K and 7.5 × 10 5 J/mol), which govern the energy and mass loss at high temperatures, were obtained by measurements of the maximum particle temperature for various laser irradiances at a peak temperature of 4200 K.
Other soot peak particle temperature data are presented in Table 3 , which shows values between 3500 and 4500 K. At high laser fluences (>0.3-0.5 J/cm 2 ) the peak temperature reaches 4500 K. At moderate fluences (<0.3 J/cm 2 ), the peak temperature does not exceed 4000 K (except as reported in the works by Michelsen et al. [30] and Goulay et al. [109] ). Goulay et al. [109] have explained the high values of peak temperature (e.g. 4500 K) of soot by reaching the sublimation temperature of C 2 -4456 K, suggesting little or no superheating. The peak temperature elevation at fluences higher than 0.5 J/cm 2 is explained by fluorescence interferences from the molecules present in the flame.
Due to the uncertainty of the wavelength dependence of E(m), Schraml et al. [105] evaluated the systematic deviation in peak temperature as 200 K. In [31] , it has been reported that once the evaporative regime is reached, the model prediction of post-laser pulse soot temperatures is in very poor agreement with the data on experimental temperatures; in this case, the obtained temperature can be as much as 400 K higher than the model prediction, thus indicating deficiencies in the present models of vaporization. Thus, the large discrepancy between the model prediction and experimental data in the evaporative regime is attributable to the gas dynamics effect or the reformation of carbon particles. Furthermore, in [105] , the effects of temporal and spatial energy distribution in the laser beam were analyzed. The authors of that work found that these roughly cancel each other out, and the small net effects that remain have been neglected.
Analyzing the data reported to date, it is possible to conclude that, at moderate laser fluences (less than 0.3-0.5 J/cm 2 at 1064 nm excitation), the plasma effects and superheating are negligible effects. The measured values of soot peak temperatures deviate in the range of 3100-4500 K. We suppose that this deviation is caused by differences in structures and compositions of NPs formed under different conditions resulted in the deviation of the NP properties. For example, Schraml et al. [105] observed the influence of soot NP size on calculated peak temperature. They found that for particles 25 nm in size, the peak temperature was 4150 K and increased up to 4300 K for particles with sizes 48 nm. Further, in [61] , the experimental data on the peak temperatures of carbonaceous NP has been reported to depend on particle size and formation (pyrolysis) temperature. Moreover, under flame conditions, the inferred temperatures of laser-heated soot particles are often higher than the equilibrium sublimation temperature of ~4140 K, at which C 3 sublimes (C 3 sublimation temperature 4136 K at atmospheric pressure), and particles sometimes appear to reach temperatures of ~4460 K, at which C 2 sublimes [55, 98, 109] .
Finally, the easiest explanation of the observed fluence curve plateau is a phase transition connected with the particle sublimation/evaporation. Additional evidence of sublimation/evaporation features a sharp decrease in the volume fraction of the condensed phase in the moment of laser pulse (observed by laser light extinction or laser light scattering using the coaxial extinction measurements simultaneously with the registration of the LII signals), which increases as the fluence rises [56-59, 61, 108] .
The results of measurements of peak temperature of laser heated noncarbonaceous particles
The peak temperature of metal NPs has been measured in a few past works and presented in Table 4 . In [26] , Fe NPs (18-29 nm in size) were synthesized in a flow reactor and heated by pulse laser for the LII size measurements. With a laser fluence of 0.32 J/cm 2 , the peak temperature measured by two-color pyrometry was equal to 2850 K. At the lowest fluence of 0.19 J/cm 2 , the lowest temperature of about 2600 K was registered. With increasing laser fluence, the particle peak temperatures increased but remained below 3150 K, which was close to the bulk Fe boiling temperature of around 3100 K [112] . Eremin et al. [61] measured the peak temperature of the laser-heated Fe particles of the sizes ~3 nm for the different surrounding conditions. Similar to carbon particles, the peak particle temperature of the laser-heated Fe particles did not change at laser fluences greater than 0.1 J/cm 2 , which was explained as a phase transition. The peak temperature of the laserheated Fe NPs varied from 2100 to 2600 K depending on the type and pressure of bath gas, which was below the boiling temperature of Fe (around 3100 K). The maximal peak particle temperatures for Fe NPs in 1 bar of argon, 0.1 bar of argon and 1 bar of helium were found to be ~2600 K, ~2150 K and ~2300 K, respectively. This means that the NP evaporation process depends on the pressure and type of ambient gas, as well as on the NP size.
In [94] , Mo NPs were studied by LII. The incandescence spectra induced by pulsed laser irradiation at 1064 nm with high fluences resulted in a peak particle temperature value of 5300 K and atomic emissions of Mo atoms. This exceeds the boiling temperature of bulk Mo (4983 K [113] ). The LII signals were registered by photomultiplier on 400 nm and by fast ICCD camera. The temperature evolution was extracted by fitting spectra resolved LII with the Planck curve. However, the influence of the wavelength dependence of E(m) was not discussed. Eremin and Gurentsov [114] synthesized 9-10 nm Mo NPs in the photolysis of Mo(CO) 6 similar to the authors of [94] . In [114] , two-color LII on wavelengths 400 and 600 nm was applied to conduct laser-heated NP temperature determination. In this work, the spectral variation of E(m) was neglected because of the absence of experimental knowledge about wavelength dependence of Mo NP optical properties. With the increase in laser fluence, the peak temperature value also increased up to a temperature of about 3900 K and, when starting the fluences at greater than ~0.3 J/cm 2 ; the peak temperature value did not change. The value of the peak particle temperature of about 3900 K at high laser fluences was attributed to the value of the particle evaporation temperature. Notably, the peak particle temperature was essentially lower than the boiling temperature of bulk Mo (4983 K), even at high fluences. This finding might indicate the deviation of NP properties from the bulk Mo. In [39] , 40-nm Mo NPs were examined by LII. The peak temperatures of the Mo NPs increased approximately linearly with increasing laser fluence of up to 0.2-0.3 J/cm 2 and returned a value of 2800 K. The inspection of the pyrometric temperature decay for Mo NPs reveals a super-exponential decay in the effective temperature that lasts for approximately 400 ns after the laser pulse, which cannot be explained by the free molecular heat transfer cooling. Consequently, in this study, the low value of peak particle temperature and behavior of temperature decay after laser heating remains unexplained.
In [99] , silica NPs (20-25 nm in size) were synthesized and examined by LII. At prompt LII detection, the peak temperature with laser fluence increase returned values of 4500 K, which was much more than the boiling temperature of bulk silicon 3000 K. At a detection time of 50-100 ns after the laser pulse, the peak temperature as a function of laser fluence plateaued at 3000 K. The authors explained such a peak temperature behavior by superheating of NPs in the time of laser action. However, another explanation could be a nonthermal emission under high laser fluences.
In [39] , Ag NPs (70 nm in size) were examined by LII. The peak temperatures of Ag NPs remained nearly constant with increasing laser fluence at 2800 K, which was higher than the boiling point of bulk Ag 2466 K. The authors suggested that the Ag NPs were superheated and that the additional laser heating was roughly balanced with an increased evaporation rate. In their interpretation, the measured peak temperature value of laser-heated NPs strongly depended on the spectral incandescence data.
Using an E(m) r = 2.67 (obtained from Drude theory) value in a maximum peak temperature ~200 K above the boiling temperature, while using a value of E(m) r = 1 resulted in a peak temperature of ~3600 K.
One further attempt at measuring the peak temperature was made using carbon-encapsulated Fe NPs (CEINs). In [86] , the CEINs (8 nm Fe core and 18 nm total diameter) were synthesized by the photolytic decomposition of ferrocene. The results indicated that the peak temperature of laser-heated CEINs increased with increasing laser fluence. The minimum peak temperature was found to be 2000 K at a laser fluence of 0.07 J/cm 2 . A saturation 2 Eremin et al. [117] effect was also observed above 0.11 J/cm 2 , with a saturation temperature of 3100 K, which was very close to the boiling point of Fe. The authors supposed that the intense evaporation of Fe atoms led to the temperature stabilization of the particles. At laser fluences greater than 0.1 J/cm 2 , the evaporation can be so strong that it can lead to a significant amount of Fe loss from the core of the NPs. Eremin et al. [115] measured the peak temperature of CEINs, synthesized by the photolytic decomposition of Fe(CO) 5 in the mixture with acetylene, as a function of the laser fluence. Under the framework of the LII model, they assumed that in the Rayleigh approximation all the particle materials heat up to the close temperatures due to the fast energy exchange between Fe core and carbon shell. The measured in [115] value of peak particle temperature by the two color technique was in the range 2500-2900 K in dependence on the particle formation conditions. At higher fluences, temperatures also fall within this range, suggesting that the temperature corresponds to the Fe core due to the boiling temperature of bulk Fe is 3100 K. Thus, the fast conductive heat exchange between carbon shell and Fe core could be the case. Using the two-color temperature measurements, it becomes necessary to know only the ratio of E(m) on the measurement wavelengths. For soot particles, this dependence is weak [104] . The extinction measurements with Fe NPs at various temperatures at different wavelengths did not show any difference of E(m) with wavelength [116] . Thus, the ratio of the values of E(m) for 772 and 450 nm equal to 1 was used in [115] at peak temperature measurements. The application of the ratio of E(m) 772 /E(m) 450 = 0.56 (at diagnostic wavelengths 450 and 772 nm) from the study by Sipkens et al. [43] for two-color measurements resulted in the peak temperature decrease by 9%-12% in dependence on the experimental conditions. In [115] , it was found that the peak temperatures do not exceed 2900 K with the increase in laser fluence, which is lower than bulk Fe boiling temperature (3100 K). The flattening of the peak temperature dependence on the laser fluence means that a phase transition with heat absorption occurs. This phase transition at such a low temperature could be the Fe core evaporation under an amorphous carbon shell, similar to [86] . The carbon material sublimation from the NP surface shell is unlikely at the temperatures below 3500 K. The extinction measurements of the volume fraction of the condensed phase during laser heating showed an essential drop due to a decrease of the volume of the condensed phase. Such a drop reflects the particle evaporation process.
In [117] , the peak temperatures of CEINs, formed in the shock wave pyrolysis of the mixtures of 0.25% C 6 H 6 + 0.25% Fe(CO) 5 in Ar and 0.5% C 2 H 2 + 0.25% Fe(CO) 5 in Ar, were also measured by two-color pyrometry. In both the investigated mixtures, the peak particle temperature of CRINs was stable, despite the fact that the laser fluence rise and that the mean peak temperature values were found to be 2852 and 2770 K, which were lower than the bulk Fe boiling temperature (3100 K). The plateau of peak temperature as a function of laser fluence indicates that the phase transition with heat absorption has occurred.
The uncertainties in measuring the peak temperatures of the laser-heated NPs
The main uncertainty in peak temperature measurements come from the application of high laser fluences (>0.5 J/cm 2 ), and using a laser wavelength shorter than 1064 nm resulted in plasma formation, super heating, excited atoms and cluster light emission as well as the photochemical interference of laser light with NPs [94] [95] [96] [97] . If the fluence is not high for plasma and excited species formation, the accuracy determined by E(m) varied with wavelength. In [39] , the influence of E(m) ratio E(m) r = E(m) 442 nm /E(m) 716 nm on peak temperature measurement was investigated for metal NPs. In the case of the two-color measurements of the peak temperature of the laser-heated Fe, Ag and Mo NPs dependent on the laser fluence, the peak temperature deviations (on the fluence curve plateau) were found to be 400 K at the E(m) r varied in the range of 1-1.85 for Fe NPs, 500 K at E(m) r varied in the range of 1.5-2.86 for Ag NPs and 500 K at E(m) r varied in the range of 1-1.89 for Mo NPs. In [39] , the reliable values of E(m) r was established as 1.1 for Fe NPs supported on previous LII studies, the value E(m) r = 2.67 was established for Ag NPs obtained from Drude theory results, and the value E(m) r = 1.59 derived from the ellipsometry measurements on polished Mo. Thus, the error of peak temperature determination due to the uncertainty of the E(m) r value could be estimated as ±250 K.
The current uncertainties in the peak temperature measurements of carbonaceous NPs by the pulsed laserheating method reached ~200 K for mature soot [101, 103] and were even higher for less mature soot [103] . The higher values of the surrounding temperature during the particle growth could result in different particle properties (mainly related to the particle structure, which becomes more graphitized at elevated temperatures [118] ). This leads to the distinction in the particle evaporation process under laser heating, either due to changes in the evaporation enthalpy or the composition of the evaporated species or due to an increase of the vapor pressure and decrease the evaporation temperature with a decrease of particle size, similar to that observed for metal NPs [119] .
The next point is the superheating of the NPs related to the temporal resolution of the signal detection and to the interaction of heating and cooling within a ns pulse. Sipkens et al. [39] had postulated that the peak temperature on the plateau of fluence curve should be higher than the boiling point due to the fact that laser energy is added to the NP faster than it can be removed through evaporation, which is limited by the Clausius-Clapeyron equation. Consequently, the excess of laser energy during the laser pulse causes a superheating of the NPs. However, superheating is not an error of measurement, but a probable physical effect which is absent in the formula of the twocolor pyrometer (11) . Of course, the temporal resolution of the signal detection could influence the error of peak temperature measurements as pointed out by Menser et al. [99] , who used the prompt and delayed LII spectra resolved measurements of silica NPs. The large difference in values of peak temperature just after the evaporation threshold 400 K was registered between prompt (streak star ICCD time resolution 1 ps) and 50-100 ns delayed measurements. The detectors in the LII measurements usually have a time resolution less than 1 ns and, consequently, can register superheating if it exists. One can conclude that the registration of the NP superheating depends on the chosen wavelength dependence of E(m). The authors of [39] stated that the peak temperature must be higher than the boiling temperature of the particle material and had supported their choice of wavelength dependence of E(m) by this statement (see discussion about Fe NP peak temperature in [39] ). However, for NPs, it would be reasonable to suppose that the phase transition temperature is lower than that for the bulk material [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] [129] [130] .
The real value of the E(m) ratio could be determined in the same experiment using two-color LII measurements on two excitation laser wavelengths (532 and 1064 nm), as was done in [62] . The measured E(m) ratio on the two laser wavelengths could be adapted for the E(m) ratio determination on the wavelengths used for the LII registration.
One of the additional uncertainties of the two-color temperature measurements has been pointed out in [120] . When the photo-multiplayer tube (PMT) was used for the pyrometric temperature measurements, even small deviations from the linear detector response can lead to significant errors. The reasons for the non-linearity observed in the PMT measurement are summarized, and the strategies to identify nonlinear PMT operation in LII are outlined. A measured linearity deviation of up to 10% could bias the temperature determination by several hundred Kelvin. In [120] , the guidelines are given for the design and the operation of LII set-ups, which allow users to identify and prevent errors.
The future directions of investigations on NP properties
It should be noted that there are numerous types of NPs. The typically mentioned soot particles are the group of carbonaceous NPs formed in the combustion processes. The properties of soot from the author's point of view are not the same for all types of soot particles. This statement is supported by the variation of data of E(m) for soot summarized in [30, 104] , where one can see an essential variation of E(m) for flame soot formed in various conditions. Similarly, the different types of carbon black (produced at different conditions) have different standard properties, such as tinting strength, electrical conductivity and dispersion in liquids caused by the differences in particle size, shape and crystallinity. Thus, the collection of data on the arbitrary NP properties and their analyses of the dependence on particle size, composition and formation conditions are topics worthy of future investigations. The value of the sublimation/evaporation temperature is an important thermodynamic property of the material. The evaporation of the NPs is predicted to be size-dependent and such knowledge is essential for their applications at higher temperatures. In addition, the sublimation/evaporation temperature variation of the NPs could be influenced by the variation in crystalline structure, shape and presence of impurities. It should be noted that the thermodynamic properties of NPs could differ from the properties of a bulk material due to the size effect. There is much evidence of a change of various NP properties with changing size, especially in the range from 1-2 to 10-20 nm. Multiple calculations have predicted that the melting points of various NPs are dependent on size [121] [122] [123] . Moreover, the enhanced heat capacity of small NPs has been observed [124] . The size-dependence of the NP properties differs greatly relative to those of the bulk material [125] [126] [127] [128] [129] [130] . In [125] , it has been reported that a universal equation exists, which describes the dependences of various thermodynamic properties of metal NPs on their size. If one of the thermodynamic properties of NPs is known, the other properties could be determined from the ratio of this value to the corresponding bulk thermodynamics property. Using the universal relations from [125, 126] , the experimental data on the size dependence of carbonaceous NP sublimation temperature were analyzed in [131] . The existence of a value of surface tension of the NPs much higher than that for graphite was supposed. Furthermore, the onset sublimation/evaporation temperature (before plateau in fluence curve) could also be analyzed for the investigation of the NPs' thermodynamic properties [125, 129] . Future investigations on the size dependence of the evaporation temperature of various NPs could shed light on the size-dependence of their thermodynamic properties. Separate investigations should also be devoted to studying the surrounding conditions (e.g. pressure, temperature and gas composition) that influence NP evaporation temperature, first observed in [61] .
Notably, the uncertainty analysis of particle sizing or particle volume fraction determination by LII is similar to the determination of NP properties. Analyzing the uncertainties of particle size determination using LII was presented in the LII literature by Will et al. [132] , Starke et al. [80] , Eremin et al. [33] and Sipkens et al. [39] , among other works. The particle volume fraction and pyrometric temperature measurements were presented in [133, 134] . These analyses usually include probable uncertainty in heat capacity, density, surrounding temperature and pressure, heat of vaporization, refractive index function and their wavelength dependence on the uncertainty of the measured value. The uncertainties of E(m) value determination were observed in [27] , in which the value was linked to the pyrometric temperature measurements and with the uncertainties of NPs' heat capacity and density. The uncertainties of determining the accommodation coefficient were also discussed by Sipkens et al. [39] . The uncertainties of determining the pyrometric temperature were presented in [39, 99] , in which the authors linked the E(m) wavelength dependence to the changing E(m) under extreme laser heating.
However, to achieve progress in the analysis of the uncertainty determination of the LII and NP properties, in the author's opinion, it is necessary to use the Bayesian method, which could provide the determination of several independent parameters from the fitting of LII signal with theoretical curve. However, the discussion of this idea is beyond the scope of this review because this topic demands separate consideration. The descriptions and examples of the application of the Bayesian technique for uncertainty analysis in LII measurements can be found in past works [37, 43, 99, [134] [135] [136] [137] . Additional efforts should be directed to reducing the uncertainties of temperature measurements of NPs by pyrometry using the determination of E(m) wavelength dependence by two laser pulses (532 and 1064 nm, respectively) and by avoiding high fluence regimes with onset evaporation control by extinction measurements.
Conclusions
Determining the properties of aerosol NPs is a complex problem connected to the small size of these nanoobjects. The refractive index function of the NP material, the thermal energy accommodation coefficient of the gas molecules on the NP surface and the evaporation temperature of NPs are important characteristics of nanomaterials. The methods of diagnostics based on NP sampling give or limit information (for example, size, structure, phase composition given by TEM analysis) or may be connected with uncertainties due to the pellets produced by pressing the nanomaterials (ex situ reflectometry measurements). The in situ optical methods allow for the investigation of the NP properties without sampling. The LII, the method of diagnostics used in a gas phase, employs the pulsed laser-heating method. Initially developed for the measurements of particle size and volume fraction, the LII can be used for NP property determination because the incandescence signals contain information about these properties, which can be extracted by using signal analysis. Until now, the pulsed laser heating method has only been applied for the determination of the refractive index function, the thermal energy accommodation coefficient and the evaporation NP temperature.
The measurements of the value of the refractive index function of Fe and carbon NPs were carried out on laser wavelengths of 1064 and 532 nm as part of the LII particle diagnostics. The refractive index function values of carbonaceous NPs were found to be between 0.05 and 0.4 and dependent on their size. The values of E(m) for soot in flames with primary particle sizes of 20-50 nm range between 0.25 and 0.4 and presumably depend on flame conditions. Most E(m) determination data for carbon NPs are in good agreement with the values reported by the extinction measurements, which range between 0.19 and 0.47 in the visible spectra. The deviation of the E(m) measured values of soot could be a result of large uncertainties in the pyrometry temperature measurements, and in turn, these influence NP evaporation (even at low laser fluences). However, another explanation of this deviation is the differences in soot structure and composition (including impurities) formed under various conditions. The E(m) values for Fe NPs were experimentally determined only at a wavelength of 1064 nm and were found to be between 0.1 and 0.2. It should be noted that these measurements should be performed at low laser fluences below the evaporation threshold. The same measurements could be carried out at wavelengths other than 1064 and 532 nm using available ns pulse laser systems. Future investigations could use two-laser wavelengths in experiments for the auto-correction of E(m) wavelength dependence for arbitrary particles. The evaporation control by using laser light extinction or laser light scattering is also desirable.
The thermal energy accommodation coefficients of carbon and metal NPs with various gases can be evaluated by analyzing the LII decay rates of NPs of known size. At present, the LII is the sole in situ method for determining the accommodation coefficient of NPs dispersed in gas phase. A few studies using the LII showed that the thermal accommodation coefficient values depend on the molecular weight and type of bath gas. For carbon NPs in monoatomic gases, the thermal accommodation coefficient increased from 0.1 (in the case of He) to 0.45 (in the case of Xe). In polyatomic gases, much smaller values of thermal accommodation coefficients were detected (0.04-0.15). However, under flame conditions, a wide variation of thermal accommodation coefficient values was observed. This might be due to the different gas compositions resulting from the different fuel/air/combustion product ratios, which vary depending on the height above the burner. For Mo NPs in monoatomic gases, the thermal accommodation coefficient increased from 0.05 (in the case of He) to 0.25 (in the case of Ar). For Fe NPs in monoatomic gases, the value of 0.01 (in the case of He) increased to 0.2 (in the case of Xe). In polyatomic gases with Fe NPs, the smaller values of thermal accommodation coefficients (0.07-0.2) were detected. The obtained data on the accommodation coefficient of soot and metal NPs were in an agreement with the molecular dynamic calculations. It was shown, that the determination of the accommodation coefficient of soot in various gases from LII measurements was most sensitive to perturbations in particle density, heat capacity and particle size. The uncertainties of determination of accommodation coefficient attain ±50%. In order to achieve more accurate accommodation coefficient determination by LII, the independent method of particle sizing with minimal error is needed. Further efforts in determining the thermal accommodation coefficient by LII should focus on the influence of gas and particle temperatures on the measurement results, the variation of the particle and gas types and the development of alternative particle sizing techniques.
The thermodynamic properties of NPs differ from the properties of other bulk materials due to the size effect. In addition, the sublimation/evaporation temperature variation of arbitrary NPs can be influenced by the variation in the crystalline structure, shape and presence of impurities. In the LII literature, the values of NP peak temperature were determined by two-color pyrometry at maximal LII signal amplitude. The evaporation temperature was defined by a plateau in the peak temperature/ fluence curve and this was further supported by observations of the volume fraction of the condensed phase drop during laser pulse, measured by laser light extinction measurements. The sublimation temperature of the carbonaceous NPs ranged from 3100 to 4500 and was dependent on the NP sizes and their formation conditions. The evaporation temperature of metal NPs during pulsed laser heating ranged from 2100 to 3100 K (for Fe NPs), 2800-5300 K (for Mo NPs), 4500 K (for silica NPs), 2800 K (for Ag NPs) and 2770-3100 K (for carbon-encapsulated Fe NPs). The large variations in the experimental data for metal NPs are caused by the non-thermal emission during laser pulsing at high fluences, as well as the varying interpretations of optical properties changing with wavelength, particle sizes and particle compositions (taking into account different probable impurities). The sublimation/evaporation temperature could be analyzed for the investigation of a size dependence of NP thermodynamic properties using universal relations presented in literature. Additional efforts should be directed to decrease the uncertainties of temperature measurements of NPs by pyrometry using the determination of E(m) wavelength dependence by two laser pulses (532 and 1064 nm) and avoiding high fluence regimes with the onset evaporation control by extinction measurements. Finally, the method of pulsed laser heating up to incandescence temperature is a promising in situ technique for investigating the unknown properties of lightabsorbing NPs dispersed in the gas phase.
